Various carbon materials have been discovered in recent years, and their characteristics are remarkably interested in applications to new devices. In particular, the investigation of carbon nanomaterials has markedly progressed in physics and in industry. In many studies, conduction bands in carbon sheets have been treated as the antibonding states of sp 2 orbitals. In contrast, in this work, excited states as in the Hubbard model are assumed and are added to the previous ground states. These excited states are set as singlet spin states composed of 2p z (3s) orbitals, which have the same character as the valence bond singlet spin state. The electronic structures of these materials are calculated on the basis of the LCVB tight-binding theory. The calculated results clearly explain the energy states of benzene. The conductive states in graphite sheets are also accurately obtained from the experimental data by including the proposed excited states. The electronic structures of nanotubes are characterized with several types of compositions related to band gaps and the Fermi levels. The characteristic sharp peak adjacent to the Fermi level in the conduction band is realistically represented in each calculation.
Introduction
These days, carbon materials are known to exist in various interesting nanostructure forms with novel electrical and mechanical characters. Fullerenes, nanotubes and honeycomb lattice cubes are examples of such structures. [1] [2] [3] [4] More over, the well-known diamond and graphite are also characteristic in a lot of the materials. However, they have many unknown factors still to be clarified theoretically, e.g. the quantum electronic states of the band gap and the exact full DOS (density of states).
In this paper, the calculations are performed using a simple real-space TB (tight-binding) method called the LCVB (linear combination of valence bonds) method, [5] [6] [7] [8] which includes the necessary long-range interactions and is based on valence bond theories and LCAO (linear combination of atomic orbitals) methods. [9] [10] [11] [12] [13] Our method has sufficient accuracy in short calculations that is comparable to those of ab initio theories such as Gaussian methods 14, 15) and DF (density functional) methods. 16) Recently, most electronic structures are being calculated using these k-space ab initio theories. Instead of these, the real-space TB methods are convenient for determining the local DOS directly and for performing the calculations for non-crystalline materials.
The basic formulations are presented in Sec. 2 to grasp the calculation theory and processes. The LCVB method is introduced in Sec. 2.1. The clustered recursion method based on the Householder or the Lanczos algorithm is discussed in Sec. 2.2. This method is very easy and convenient for calculating the real-space electronic structures in both the valence and the conduction bands. In Sec. 3, these structures in a graphite sheet and in carbon nanotubes are calculated to clarify the narrow gap states. The system is constructed from a one-directionally arrayed -orbital structure with following the STM (scanning tunneling microscopy) image. 17) As a new trial calculation in Sec. 3.1, excited states composed of resonating pair spins in two sites are included in the LCVB basis set. These states are similar to those in the well known Hubbard model. 18, 19) For these excitations, 2p z and 3s states (anyway assumed states) are adapted to the singlet spin excited states. Characteristic sharp peaks in the conduction bands are obtained in good agreement with the experimental data using this model.
The results in this work are calculated more explicitly compared with the another early work. 8) For the basic calculations, the electronic structures in benzene are obtained in Sec. 3.2 under good coincidence with the XPS (X-ray photo-electron spectroscopy) data. 20, 21) In Sec. 3.3, the results of the band-gap states in the carbon sheet constructions are compared with and found to be in good agreement with XAS (X-ray absorption spectroscopy) and SXES (soft X-ray emission spectroscopy) data reported by Hosokawa et al., which represent the DOS of the valence band and that of the conduction band, respectively.
22)

LCVB Tight-Binding Method
The LCVB method was introduced in a previous study 7) as one of the TB methods. In this section, the main formulas and the basis functions are briefly given. The TB parameters are easily obtained in brief calculations using the semi-empirical data. Of course, these quantities could also be obtained by well known ab initio methods such as the DF methods.
Basic formulation and basis set
On the basis of the Heitler-London (HL) theory for a hydrogen molecule, 23) the molecular orbitals are formulated with the basis functions composed of the singlet spin ( bond) state vectors. The hybrid orbitals are applied to create these state vectors. Following the HL equation, the Hamiltonian is similarly formulated as follows:
In this basic formulation, the principle of molecular orbital theory indicates that the singlet state of þ and the triplet state of À in (15) , (20) and (21) exist in molecules accompanied by the spin states of different nature. These two eigenstates cannot merge, and direct electron transitions are not allowed between them. This important condition determines the Fermi level character in graphite as a nonphosphorescent material. In phosphorescent materials, the excited triplet state relaxes back to the ground state necessarily involving another spin flip to avoid violating the Pauli exclusion principle, and this relaxation occurs slowly as phosphorescence due to the emission of a photon corresponding to the energy difference between these two states. In graphite, the conduction current is produced in the same spin state and only fluorescence is observed.
In the LCVB method, the basis vectors of the ground states are composed of the singlet spin bonds (þ) in (15) . The molecular orbital interactions are determined semi-empirically using the parameters instead of by direct calculations using (17)- (21) . Linear combinations of equations with these basis vectors are expanded using overlap integrals
and absolute-value overlap integrals
The interaction energies between the basis functions are estimated as
The constants and are semi-empirically determined by fitting the calculated energy states with the experimental data. The basic energy levels are determined as follows. In sp 2 states, the empirical data are listed in Tables 1-3 . Here, H:(C sp2 -H)-'represents' a hydrogen bond, C:(C sp2 -C sp2 )-bond, :(C Pz -C Pz )-grand state of -bond, and In this paper, only the doubly occupied p z states are calculated instead of the 3s spin pairs, which obey the Hubbard model, 19) but the excited states might be composed of mixed p z and 3s spin pair states. In this point, we must remember that there is no excited state in pure diamond.
Eigenstate calculations and clustered recursion
method Replacing the basis vectors of the bonding states jÉ kl i and jÉ mn i by orthonormal state vectors jf i and jgi, the Hamiltonian and the overlap integral operators are rewritten into the matrix form as
jf iV fg hgj ð 25Þ
and
respectively. The eigenvector ji at energy " is expanded using jf i and the coefficients C f ;
where the practical eigenvectors composed of atomic orbitals are equated as
The overlap integrals and the Hamiltonian have the relations
hjSji ¼ ð29Þ
and satisfy the secular equation
where x f ;g are the original elements.
In infinite-size systems, these matrices are transformed into recursion matrices using the clustered recursion method with the Householder or the Lanczos algorithm. [5] [6] [7] [8] The terms transformed using such algorithms are almost the same except for þÀ sign of the band-edge off-diagonal terms b k;kÀl , where l is the cluster size. The recursion matrix is cut off to the X D matrix:
where the elements in the last part are renormalized into the terms
From this result, the diagonal elements b kþ1;kþ1 Á Á Á b kþl;kþl of length l are displaced by the renormalized self-energies, which are reduced to the complex number: In a finite-size system, the system renormalization for two orbitals f and g is performed by repeating the well-known block matrix transformation:
From the renormalized final elements X fg , X ff , X gg and X fg of the 2 Â 2 matrix, the corresponding Green's functions are obtained as
Thus, the coefficients are determined as residues of the Green's functions:
which are related by the normalization condition
In this calculation, multiple use of the Newton's method is effective for obtaining these values numerically. Instead of the above finite system Green's functions, the infinite-system Green's functions are obtained from the cutoff matrix X D in (32) by the same calculation processes. These Green's functions
have mixed information on the DOS and the coefficient values C f C g called the local density of states (LDOS). Such local densities of states
include all the information in the cluster on the block matrix C. The correlation relations between these orbitals are obtained as
These analytical performances are the strong point of the clustered-recursion method.
5)
Electronic Structures in Various Carbon Sheets
The graphite sheet and the nanotubes show conductivity caused by -orbitals in bulk systems. In this paper, the structure of excited states in such materials is assumed. Conductive electrons at the electronic states near the Fermi level have no phosphorescence character and no strong magnetic response in graphite, where only fluorescence has been observed. 24) Using the calculations presented in Sec. 2, the electronic structures of benzene and graphite sheets are obtained and are in good agreement with the experimental data.
Excited state of -orbitals
The chained orbitals in molecules have the free electron nature in a conduction band with high mobility. This fact indicates that the Fermi surfaces exist in the nonzero density area of the DOS composed of the singlet spin states. To create such a conduction band, the excited states of the -bonds shown in Fig. 1 are proposed similar to those in the Hubbard model. 18, 19) The ground states of -bonds at À25:58 eV are composed of the singlet spin pairs between 2p z orbitals in two adjacent atoms. Their excited states are produced from the 2p z resonations and (3s orbitals) occupied by singlet spin pairs in the same sites. The transition energy E t is set to 18 eV for one bond (9.0 eV per spin). The modification of the same calculation processes is possible for the 2p z and 3s orbitals by changing the basis functions. Atomic excited states should be about À10:0 eV, where the transition energy from the ground -state should become larger than E t ¼ À15:6 eV, as shown in Tables 1-3 . These are not exactly discussed in this paper because of the lack of determined data. Thus, perfect results could be obtained from those two excited states.
For the phosphorescent materials, the electronic structures in the excited states are directly calculated from the triplet (À) states in (15) and become merely the superposition of the DOS in the LCVB theory. This phenomenon does not arise in graphite and is not discussed in this paper. The ground states of the -bonds are determined from (15) as
On the other hand, the excited states of p z orbitals are represented as Higher excited states might be calculated from the 3s orbitals using the bond states in (42) and (43).
Eigenstates of benzene
On the basis of the LCVB theory in a previous study, 5) the eigenstates of benzene are calculated, including the three excited states discussed in the above section. The calculated results closely fit the experimental data, 20, 21) as shown in Fig. 2 , but no direct evidence of excited states is clarified. 25) Excited states composed of singlet spin states are predicted in this study, and the XAS data in graphite show the existence of such states.
In the LCVB method, the basis state vectors are represented by the spin-pair states. The -bond system in benzene is treated using the resonated Kekule' structures, as in Fig. 3 . This treatment is used in many other works. The eigenvectors of the calculated eigenstates in Fig. 2(A) coincide with the explanations in general chemistry books. The LCVB parameters in (24) are shown in Table 4 and the calculated energy levels are listed in Table 5 with the experimental data.
As the first principle of the LCVB theory and other molecular orbital theories, it must be justified that the total state energy of the molecular orbitals is the same as the sum of the atomic energy levels and their binding energies. For the result of the LCVB theory for benzene, the total state energy E T of the occupied molecular orbitals is obtained to be 252:7 Â 2 ¼ 505:8 eV in good agreement with the total practical energy 518.7 eV, where the atomic levels E A and their binding energies E B are given as E A ¼ f13:6 þ 2 Â ð20:5 þ 11:29Þg Â 6 ¼ 463:1; E B ¼ 4:29 Â 6 þ ð3:61 þ 6:33Þ Â 3 ¼ 55:6;
The sum of the experimental data in Table 5 is À236 Â 2 ¼ À472 eV, which is 23:3 Â 2 ¼ 46:7 eV less than the total in (44) as the absolute value. This result must be explained in future with some fair reason.
Electronic states of various carbon sheets and tubes
In this section, the electronic structures of graphite and nanotubes are calculated on the basis of the data for benzene. The electronic states in graphite and nanotubes are obtained using the parameters in Tables 1-4 . The STM images of these materials show dense lines on the surface, as shown in Fig. 4 . 17) Here, an interaction model of -electrons is proposed for these materials in accordance with the above evidence. The mono layer graphite sheet is considered to be the same material as that of a large radius carbon nanotube. The STM image in Fig. 4(a) (provided by B. J. LeRoy, C. Dekker et al. 17) ) shows a high density array of -electrons. We can observe two oriented lines in this image, where the neighboring -bonds produce similar lines, as shown in Fig. 4(b) . According to this carbon sheet model, the -bonds shown in Fig. 3(b) are arrayed in the X-axis direction, as shown in Fig. 5 . This -bond model should become one of characteristic structures of carbon sheets under certain conditions. The experimental data of the electronic structures in graphite and nano-structured carbon provided by Hosokawa et al. 23) are shown in Fig. 6 . Here, the XAS data show the conduction band densities and the SXES data indicate valence band densities. These two set of data slightly overlap at their edges. According to the results of photoelectricemission experiment of polycrystalline graphite, the Fermi level E F must lie in the open states at the overlapped areas, which is observed at À4:56 eV. 26) In this study, the parameters are selected to be the same values as those for benzene, given in Sec. 3.2. The Fermi level in a graphite sheet under the periodic condition is calculated in this study as $À4 eV, which coincides with the minimum point of the DOS; the total state number is obtained within 0.5% error. The accuracy of the calculated Fermi level should be improved by including the 3s orbitals.
In a recent experiment on the electric-field effect on graphite at 300 K, the minimum conductivity was obtained at zero gate voltage in a 5 nm thin film, that has the mobilities % 11000 and 8500 cm 2 /Vs for electrons and holes, respectively. For the Hall effects of zero gate voltage, the Hall coefficient R H becomes À0:05 (k/T) in the above 5 nm film at 77 K. 27) Moreover, the gate voltage becomes the negative for the 50 nm thin film under this minimum conductivity condition. From these results, it is clear that a semiconductor of nano-structured carbon has very few electrons in the conductive band (over the minimum point), in agreement with the above assumption.
Electronic current induces cooperative phenomena of electrons and phonons. If there were electrons in triplet spin states, they would involve various magnetic phenomena in such current. From the known character of graphite being metallic and nonmagnetic, it can be said that the conduction band near the Fermi level is not composed of the triplet spin states. In some studies, the excited state as Ã -and Ã -orbitals are considered to be the anti-bonding states of the -andorbitals respectively, which are triplet spin states in general quantum theories, as in (15) . [28] [29] [30] This is not consist with the experimental data that phosphorescence phenomena are not observed in graphite sheets until now. For clearing this problem, in this study, a trial treatment of the conduction band is proposed on the basis of the Hubbard model 19) as shown in Fig. 1 . This model and related theories are also utilized to analyze various physics in nano-structure carbons such as the Tomonaga-Luttinger liquid. [31] [32] [33] Vacuum state EF 3s ?
pz singlet? sp 2 singlet Calculated results of the DOS in graphite with a periodic boundary condition are shown in Fig. 7(a) . The number of the clustered basis orbitals is 10, which is the same as the state number in the unit cell of the graphite lattice shown in Fig. 5(b) . Thin lines under the total DOS in Fig. 7(a) show the state densities of these basis orbitals.
The Fermi energy points are determined from ON (occupation number) 8 within the total state number 10, and the gap minimum points become almost the same. On the other hand, in Fig. 7(b) of the open edge lattice, the Fermi level (T ¼ 0) is obtained similarly with the periodic one. At near the Fermi level, changes of recursion terms become sensitive, and more precise calculations are required.
The recursion term calculations in (32) are performed 8 times at energy parameters from À70 to 0 eV with intervals of 10 eV, and the DOS calculations are interpolated by dividing each period into 100 points. In addition, the average energy level required from the atomic levels,
is estimated to be À16:1 eV in this study, which indicates the accuracy of the total DOS. These calculated results neatly explain the band gap states described above. We set the nanotube scale as ðn x ; n y Þ with the numbers of lattices being n x and n y in the X-and Ydirections defined in Fig. 5 Many studies have revealed that the metallic or the semiconducting property in nanotubes is depend on it diameter and chirality (shifted mismatch number in a zipped rectangular graphite sheet). [33] [34] [35] [36] Differences between the X-edge and the Y-edge zipped tubes are important as the chirality limit. Different gap states are observed in Figs. 8(a)-(d) . However, the -orbital treatment is not the same as the other studies, and the results are not directly comparable with them. 31) Edge structure types of A (zigzag) and B (armchair) in the site model system are differently treated in our bond model system.
A related experiment on the metal-insulator transition is performed for strain-induced electronic properties determined by the LDOS estimation using the ðI=VÞdI=dV measurements. 37) The results show that a normal 12-nm diameter nanotube has the band gap reserving some amount of LDOS, and a local point of a bent or strained tube has a complete 0.5 eV band gap. A conduction control device constructed from strained nanotubes is demonstrated in their work. Many similar investigations have been reported in these days. [38] [39] [40] [41] [42] [43] Some results indicate that the multiexistences of the sp 2 and sp 3 orbitals allow these phenomena. Such interesting results could also be checked with the band gap and the Fermi levels in our results shown in Fig. 8 . Recently, superconductivity has been discovered in a suspended nanotube. 44) On the basis of the distinct existences of the multi-configuration materials 4) of diamond, graphite, nanotube and fullerene, we can expect that various characteristic devices can be composed of such carbon-only constructions.
It might also be assumed that the upper band area near the vacuum level includes hybrid states composed of the 2s, 2p and 3s states. Those are not discussed in this work because of the lack of information. However, the exact physics should be clarified through several fundamental experiments in the near future.
Conclusion
Under the proposition of singlet spin excited states, the 
